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ABSTRACT

The Icing Branch and Imaging Technology Center at
NASA Glenn Research Center have recently been
involved in several projects where high speed close-up
imaging was used to investigate water droplet impact/
splash, and also ice particle impact/bounce in an icing
wind tunnel. The combination of close-up and high
speed imaging capabilities were required because the
particles being studied were relatively small (d < 1 mm
in diameter), and the impact process occurred in a very
short time period (t,,,., << 1 sec).

High speed close-up imaging was utilized to study the
dynamics of droplet impact and splash in simulated
Supercooled Large Droplet (SLD) icing conditions. The
objective of this test was to evaluate the capability of a
ultra high speed camera system to acquire quantitative
information about the impact process (e.g., droplet size,
velocity). Imaging data were obtained in an icing wind
tunnel for spray cloud MVD > 50 ym.

High speed close-up imaging was also utilized to
characterize the impact of ice particles on an airfoil
with a thermally protected leading edge. The objective
of this investigation was to determine whether ice
particles tend to “stick” or “bounce” after impact.
Imaging data were obtained for cases where the airfoil
surface was heated and unheated. Based on the results
from this test, follow on tests were conducted to
investigate ice particle impact on the sensing elements
of water content measurement devices.

This paper will describe the use of the imaging systems
to support these experimental investigations, present
some representative results, and summarize what was
learned about the use of these systems in an icing
environment.

" AIAA Member, Icing Research Engineer
" Imaging Specialist
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NOMENCLATURE
d water droplet diameter (um)
FOV field of view
k splashing threshold parameter
(non-dimensional)
IPS ice protection system
LWC liquid water content (g/m")
MVD mean volumetric diameter (um)
SLD supercooled large droplet
T, total temperature
TWC total water content (g/m’)
\" airspeed (m/sec)

INTRODUCTION

The use of high speed close-up imaging is not a new
concept for icing. There have been previous uses by
Olsen to look at the initial phases of ice accretion.'
Reehorst used close-up imaging to investigate ice
feather growth rate in natural and simulated icing
conditions.”

More recently, the Icing Branch and Imaging
Technology Center at NASA Glenn Research Center
have been involved in projects where high speed close-
up imaging techniques were required. This has led to
the development and evaluation of imaging systems and
methods to provide visual data which is complementary
to other experimental measurements. This report is
intended to provide an overview of the development
and use of these imaging systems and methods in the
following areas: (1) Large droplet impact and splash
characterization, (2) Ice particle impact on a thermally
protected surface, and (3) Ice particle impact on hot-
wire water content sensors.

For each area, a brief statement of the relevant technical
issues will be provided first. Then the experimental
investigation and imaging systems will be discussed,
and followed by a presentation of representative



imaging results. This report will conclude with a
general discussion of what has been learned from the
development and use of high speed close-up imaging
methods in an icing environment.

DISCUSSION AND RESULTS

Large Droplet Impact and Splash
The investigation of water droplet impact has been

driven by a desire to develop improved ice prediction
computer programs which account for the splashing of
Supercooled Large Droplets (SLD). It is known that
larger water droplets have a tendency to splash more
upon impact, than do smaller water droplets. Mundo
et al. have proposed a dimensionless splashing
parameter (k factor) which has been correlated with
observations of splash.” They have defined a splashing
threshold where splashing is expected to occur for
values of k > 57.

The potential mass loss associated with the splashing of
large water droplets has implications for the ice
accretion process. There is the possibility that splashed
products are swept away from the surface by airflow
over the surface (resulting in a mass loss), or that they
re-impinge on the surface (causing a re-distribution of
mass) at another location. These effects have the
potential to affect the resultant ice accretion.

Given the current emphasis on upgrading existing ice
prediction code capabilities to include SLD icing
conditions (having large supercooled water drops
>50 pm diameter), it will be necessary to incorporate
the effects of splashing into the ice accretion physics
models utilized in these codes. This improved
capability will upgrade the ice prediction codes to
support SLD icing certification activities."

The dynamics of the splash process (incoming and
splashed droplet size, velocity, and angle, and any
resultant mass loss) will need to be quantified, to
facilitate the development of these upgraded ice
accretion models. Close-up high speed imaging will
play a key role in acquiring the information and
understanding of the splash process.

A preliminary investigation of high speed close-up
imaging methods required to capture droplet splash
characteristics was conducted in the Advanced
Composite Technologies (ACT) icing wind tunnel in
May 2002. This test was sponsored by the Federal
Aviation Administration (FAA), and was jointly
conducted by NASA Glenn Research Center and

QinetiQ.
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The objective of this test was to explore the capabilities
of close-up ultra high speed imaging techniques in an
optimum environment with a water spray having large
droplets (droplet diameter > 50 pum) and answer the
following questions: (1) can the droplet impact process
be captured in a spray environment, and (2) is it
possible to quantify the dynamics of the droplet impact
process in a spray environment (i.e., track/characterize
a single droplet as it approaches, impacts, and then
track/characterize droplets that are splashed off).

Test Setup: This test was conducted in the small ACT
test section having dimensions of 7 in. (17.8 cm) wide
by 12 in. (30.5 cm) in height. This tunnel was chosen
for this exploratory test based on the good visual access
provided by the test section. We were able to get the
lens of the high speed camera system within 6 in.
(15.2 cm) of the point of interest on the test article.

Two test articles were selected for this test: A 2.5 in.
(6.35 cm) chord symmetrical airfoil and a half round
cylinder which are shown in figure 1.

The small airfoil was selected to image more direct
droplet impacts at 75 and 90 degrees with respect to the
impact surface, while the half-round was chosen for
more shallow impacts of 15 degrees.

The majority of test points were obtained with the
airfoil model, and so the discussion from this point on
will be focused on this model. The airfoil model was
horizontally mounted in the test section and used as a
target for this droplet impact visualization study. A
portion of the model leading edge (10 mm about the
highlight) was blunted to facilitate imaging of the
droplet impact process. Figure 2 shows a close-up of
the test section with the airfoil test article installed.

Figure 1. Test articles used for splashing
visualization test.



Figure 2. Blunt airfoil test article installed in 7 in.
by 12 in. ACT icing tunnel test section.

Figure 3. Ultra-8 high speed imaging system.

Imaging System: An Ultra-8§ high speed imaging
system (shown in fig. 3) was used to record the droplet
impact process as a sequence of 8 images.

This camera system had previously found application in
the area of high speed ballistics research, and its
features are listed below:

e Gated high resolution image intensified high
speed digital camera
o Captures 8 images at 520x520 pixel resolution
—  pixel size 14x14 pm
e  Programmable exposure and inter-frame times
ranging from 10 nanoseconds to 1 millisecond
e Framing rate of 500 to 100 million frames/sec
e Software functions:
— calculate distance, velocity, and angle
— contrast adjustment on stored images
— create intensity profiles for single images

In addition to the Ultra-8 high speed imaging system, a
high-definition video camera was also used to record
the general characteristics of the spray conditions in the
vicinity of the airfoil leading edge where the high speed
close-up image sequences were obtained.

NASA/TM—2004-212925

AIR FLOW

STRDB E LIGHT

15 Degrees

-L

FRESNEL

TEST ARTICLE'
> ULTRA-& HIGH

(top view) SPEED CAMERA

Figure 4. Top view of imaging setup at
ACT icing tunnel.
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Figure 5. Side view of imaging setup at
ACT icing tunnel.

Figures 4 and 5 show the overall setup of the imaging
systems with respect to the test article and tunnel
airflow direction.

Test Process: The ultra-high speed camera system was
used to obtain close-up imagery of droplet splash for
the range of conditions listed below.

e Velocity (25, 50, and 75 mps)
Drop size MVD (100 to 200 pm)
LWC (0.3 t0 0.7 g/m’)
T,. (21020 °C)
Impact angle wrt surface (15, 75, and 90 deg)

This experiment was conducted at above freezing
tunnel temperatures. This was done to avoid any issues
associated with supercooling of the spray cloud
droplets, since the spray nozzles were only 1.6 meters
upstream of the test section.

Imaging Issues: There were a number of issues faced in
this experimental investigation. As one might expect,
the most significant issue involved getting enough light
on the subject. This was due to the fact that recording



the features of the droplet impact and splash required
very high frame rates (45 000 to 60 000 frames/sec) and
very short exposure times (35 ns).

The camera was positioned as close as possible to the
tunnel side window, to minimize the required
magnification. This resulted in an effective standoff
distance of approximately 5.5 in. (0.14 m) between the
front element of the camera lens and the imaging target
area on the test article.

Because imaging was attempted in a spray
environment, the cloud itself produced a very high level
of reflected light (noise) which was undesirable.
To mitigate this, a powerful electronic strobe
(6400 watt-sec) and a fresnel lens (254 mm focal
length) were used to concentrate the light at the
imaging target area on the test article. This approach
created a point source of very intense light to illuminate
splash events, essentially increasing the optical signal to
noise ratio. We also found that orienting the strobe unit
at 15 degrees with respect to the impact plane increased
the illumination level for viewing the splash event

(fig. 4).

Another significant issue, encountered during the
course of testing, was the buildup of water droplets on
the side viewing window of the test section. This
buildup of water droplets obstructed a clear view of the
imaging target area, which was at the spanwise
centerline of the horizontally mounted test article. A
wedge shaped flow diverter (fig. 2) was constructed to
keep the water spray from impinging on the side
window. It helped greatly, but did not altogether resolve
this issue. Unfortunately, it was not until the very end
of the test that a better solution than the flow diverter
was conceived. This involved drilling a hole in the side
window of the test section and then focusing the camera
thru the hole.

Imaging Results: Images of large water droplet impact,
were captured with the ultra-high speed camera system.
A progression of 6 sequential images is shown in
figure 6. This sequence shows the approach, and
eventual impact with the surface of the blunt airfoil test
article. The relatively high level of background noise is
evident in this image sequence and was a factor which
limited our ability to define the smaller features of the
splash event. This background noise was believed to be
due to the scattered light from the water droplets and
the Ultra-8 image intensifier. For the optical setup
employed in this test, the minimum resolvable droplet
diameter was determined to be 100 pm.

The particle impact was captured, but the details of the

splashed ejecta were not resolvable. Information about
pre and post splash droplet size, velocity, and trajectory
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Figure 6. Ultra-high speed image sequence of a 540 um
diameter droplet impact and splash (V = 50 mps,
T, =17 °C,LWC = 1.35 g/m’, FOV = 3.7 mm’,

Exposure = 35 ns, Frame Rate = 50000 frames/sec,
Gain = 3).

will be necessary to facilitate the development of water
droplet splash models for ice prediction codes. It would
be desirable to have sufficient resolution to allow the
tracking of individual particles, to determine if ejecta
re-impinge or are swept away by the air stream. Post-
processing individual images with particle tracking
software may provide an option, assuming the optical
signal to noise ratio could be improved by reducing the
background noise in an image.

It was possible to quantify the incoming droplet
diameter and velocity, as well as the splash height using
calculation functions, which were native to the Ultra-8
camera system. For the sequence shown above, the
following measurements were made:



o droplet diameter = 540 um
e velocity =35.29 m/s
o splash height = 960 pm

The difference between the measured drop velocity and
the tunnel airspeed suggests that the larger droplets may
not have fully accelerated to the tunnel airspeed of
50 mps in the relatively short distance of 1.6 meters
between the spray bar location and the test article.

This test demonstrated that it was possible to capture
close-up (2.45 to 5.05 mm’ field of view) imagery of
water droplet splash events, and to quantify the
attributes of the incoming water droplet with an
impinging water spray. Unfortunately, we were not able
to resolve characteristics associated with the splashed
ejecta due to high background noise in the images.
Based on this, the Ultra-8 high speed camera and
imaging methods employed in this test, might be better
suited for imaging of single droplet impact and splash
experiments using a mono-dispersed droplet generator.
The use of the droplet generator should greatly reduce,
if not eliminate, issues of background light scattering
and obscuration of the tunnel side windows experienced
in this test.

Ice Particle Impact on a Thermally Protected Surface

In addition to characterizing liquid phase particle
impact, there was interest in studying what happens
when ice particles impact an aircraft surface. It was
desired to evaluate the effect of mixed phase icing
conditions on thermal ice protection system power
requirements, versus those for conditions having only
supercooled liquid. Since additional heat is required to
melt ice particles, it was desired to determine if mixed
phase icing conditions might require more thermal
power than liquid only conditions. In addition, there
was interest in studying the degree to which ice
particles “stick” or “bounce” upon impacting a surface.

A test to investigate these questions was conducted in
the Cox and Company LeClerc Icing Research
Laboratory wind tunnel (fig. 7). This test was
sponsored by the FAA, and was a collaborative activity
between Cox & Company, NASA Glenn Research
Center, and Wichita State University. A test article

Test™—
Section #1

Section #2 Airflow

Figure 7. Cox & Company icing wind tunnel.
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consisting of a 2-D wing section with an electro-
thermal ice protection system was tested under a variety
of mixed phase conditions. NASA Glenn provided high
speed close-up imaging systems for this test. The visual
information obtained from the imaging systems was
intended to complement thermal measurements from
the test article. High speed close-up imaging methods
were thus used to acquire a better understanding of the
impact process, and the degree to which ice particles
“stick” or “bounce” for particular mixed phase tunnel
and test article surface conditions.

Test Setup: The test article chosen for this investigation
consisted of a 3 foot (0.91 m) chord NACA-0012 airfoil
section with a 7 zone electro-thermal ice protection
system on the leading edge. The electro-thermal heater
zones were equipped with temperature instrumentation,
and were capable of being regulated to a set-point
temperature, depending on the mode of operation. For a
simulation of a running wet de-icing system, the surface
temperature was maintained at a constant 50 °F. To
simulate fully evaporative operation, the surface
temperature was maintained at 150 °F. The airfoil was
mounted horizontally in test section #2 of the Cox &
Company icing wind tunnel, as shown in figure 8.

Imaging System: Three camera systems were used to
visualize ice impact on the leading edge of the test
article: (1) High speed camera, (2) High-definition
Video camera, and (3) a mini-DV video camera.

A Phantom v5 high speed camera was selected for use
in this test based on its ability to capture the short
duration impact of ice particles, and facilitate playback
as a “slowed down” video sequence for later analysis.
This ability to generate slow motion movies was an
extremely useful feature, in developing a qualitative
understanding of the ice particle impact process. A
Nikkor 200 mm lens was used with the camera for this
test.

Figure 8. Electro-thermally heated test article mounted
in the Cox & Company icing wind tunnel.



Other important technical capabilities of the Phantom
v5 high speed camera are listed below:

e 10 psec exposure times
e 1000 frames/sec at 1024x1024 pixel resolution
e Measurement of linear displacement, and

speed
— Post-processing imagery for brightness/
contrast, edge detection, sharpening,

smoothing, and gamma correction

High-definition (HD) video was the second type of
imaging system employed in this test. It was intended to
provide highly resolved, real-time, close-up images of
the test article leading edge, but at lower frame rates
(60 frames/sec) than the high speed camera. This
HD camera system utilized progressive scan with
1120x720 pixel resolution, and the CCD sensitivity was
1000 ISO. The lenses used in this test were Fujinon
17XHD (HA17x7.8BERM) zoom with max focal
length of 150 mm, and a Nikor 200 mm telephoto.

The third type of imaging system utilized in this test
was a Mini-DV camera. It covered the widest FOV, and
was intended to capture more of an overall view of
what was happening on the airfoil leading edge. It was
used to provide context to the close-up imagery from
the high speed camera and HD video camera.

With the test article horizontally mounted in the tunnel,
imaging of the leading edge area was best accomplished
by either an overhead view, or from below. Since there
was no visual access from above, a window in the floor
of the test section was used to image the leading edge
area of the airfoil (as shown in fig. 9). The cameras
were tilted on a slight angle off vertical, and were
approximately 30 in. (0.76m) from the test article.
Lighting of the test article was done using HMI lights
thru both side windows in test section #2.

Icingsfunne!

. 1
\ {

AR EIOV
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}t@' 4= Mini-DV Camera

B . High Definition
Video Camera

High Speed
Camera

Figure 9. Orientation of three camera systems used to
characterize the ice particle impact process.
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Figure 10. Close-up view of test article leading edge
showing the imaging areas for the 3 camera systems.

The primary area of interest was a 1 in. (2.5 cm) square
area located along the stagnation line of the airfoil,
approximately 2.5 in. to the left of the tunnel centerline.
Both the HD and high speed camera systems were
focused within this area. The imaging locations were
chosen near the horizontal centerline of the tunnel, to
ensure that icing conditions would be as uniform as
possible. The imaging areas for the 3 camera systems
are shown in figure 10.

Test Process: The objective of this test was to evaluate
the effect of mixed phase icing conditions on the
performance of a thermal ice protection system. To
accomplish this, the test article was subjected to mixed
phase icing conditions, which ranged from all
supercooled water (100% liquid), to a mixture of ice
particles, to all ice particles (100% ice). The specific
mixed phase icing conditions used in this test are listed
in table 1.

For each of the conditions, the ice protection system
was operated in the following 3 modes:

e 1o heat applied to the surface (IPS off)

o evaporative anti-icing mode (Tsurf = 150 °F)
e wet anti-icing mode (Tsurf = 50 °F)

Table 1. Range of mixed phase icing test conditions

LWC, | IWC, Ttot, v,
(g/m’) (g/m’) (WY) (mps)
0.70 0 111 53.6
0.35 0.35 111 53.6

0 0.7 111 53.6
0.70 0 _1738 53.6
0.35 0.35 “17.8 53.6

0 0.7 1738 53.6




For those conditions where heat was applied to the IPS,
the amount of power to maintain the surface
temperature setpoint was recorded. This data was used
to evaluate the relative impact of a particular mixed
phase condition, on the IPS. Generally speaking,
increased power requirements translated into a greater
thermal load on the IPS

Imaging Issues: Overall, the imaging approach was
straight forward, and there was good visual access. In a
few cases, the viewing window became obscured with
water droplets running over it, which impeded the view
of the test article. It is believed that selection of a side
viewing window (instead of a floor window) would
have resolved this issue.

It was sometimes difficult to find the proper iris setting
for the high-definition video camera, particularly when
an ice accretion formed on the test article leading edge.
The accretion caused more light to be reflected back to
the camera, making it difficult to show the details of
“bouncing” ice particles, and at the same time show the
details of the water film on the iced surface. Typically,
the iris setting was switched back and forth to allow
non-simultaneous viewing of either ice bouncing from
the surface, or iced surface details within a test run.

Imaging Results: Imaging results from the HD video
and high speed camera systems yielded valuable
qualitative information to complement the thermal
measurements acquired from the ice protection system.
One of the key questions posed prior to this test, was
whether ice particles “stick” or “bounce” after impact
with an aircraft surface. While quantitative values to
answer this question were not obtained from the
imaging data, it was possible to make some general
statements relevant to this question.

“Bouncing” was observed frequently, whenever the
icing tunnel spray cloud contained ice particles. The ice
particles appeared to have ballistic trajectories after
impact. Whether, the surface was wet or dry, ice
particles were observed to impact the surface, shatter
into smaller pieces, with those pieces subsequently
being ejected into the air-stream or re-impinging on the
airfoil surface. In some cases, the particles were
observed to strike the surface at a very oblique angle,
and be deflected off the surface directly into the air-
stream where they were swept away.

Not all of the impinging ice mass is believed to have
“bounced” off the surface. Review of high-definition
video for unheated surface conditions, revealed that
after an ice particle impacted the surface and shattered,
a piece of ice remained on the surface at the impact site.
Eventually, it was observed to sublimate away. Some of
the shattered fragments also re-impinged back on the
surface, whereby they too eventually sublimated.
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Figure 11 shows an ice particle impact and residual ice
fragments on an unheated surface. No ice accumulation
developed from the residual ice fragments that
remained on the unheated surface.

For cases where the surface was heated, water beads
were observed to form on the leading edge in the
vicinity of the stagnation line. This was noted for all
mixed phase spray conditions (100% supercooled
liquid, part liquid and ice, or 100% ice). The water
beads then began to coalesce into larger beads and
eventually ran back toward the trailing edge of the
airfoil. Figure 12 is an example of imagery from the
high-definition camera, showing water beads on the
leading edge of the airfoil.

B F (S AR (e T

Figure 11. Frame capture image from high-definition
video camera showing ice particle impact on an
unheated surface. Residual pieces of ice on surface
appear as specks of white against black airfoil surface.

Leading Edge

Figure 12. Frame capture image from high-definition
video camera, showing water beads on the airfoil
leading edge, with a heated surface.



Though it was not possible to determine the exact
percentage of total impinging ice mass which
“bounced” or “stuck” for any given test condition, it
was clear that some ice remained on the surface. This
was indicated by an increase in the measured power to
maintain a constant surface temperature for the
100 percent ice case, versus the measured power for dry
conditions.

The high speed camera provided visual evidence that
impinging ice particles may have actually splashed
water off the IPS. Review of high speed imagery
obtained during running-wet IPS operation, revealed
that ice particles were impacting water beads, resulting
in water being splashed away from the surface. The
observation that splashing was occurring, provided a
potential explanation for the lower power requirements
in the heater areas aft of the stagnation line. In those
areas, less power was required to maintain a constant
surface temperature for mixed phase (liquid and ice)
conditions, versus the power requirements for a
supercooled spray (100% liquid). It is believed ice
particles may have splashed water off the airfoil surface
in these areas, essentially reducing the impinging total
water content, and thus resulting in lower IPS thermal
loads.

Ice Particle Impact on Water Content Sensors
The final application of high speed close-up imaging to

be discussed in this paper concerns ice particle impact
on hot-wire cloud water content sensors. During the
mixed phase icing test, ice particles were observed to
“bounce” off the test article surface. This was true for
every simulated mixed phase icing condition where ice
particles were introduced into the flow. This
observation caused us to speculate on whether ice
particles might also be “bouncing” upon impact with
hot-wire Total Water Content (TWC) sensors, which
have been assumed to capture and evaporate all
impinging particles (whether ice or supercooled liquid).

To investigate this further, a test was conducted in the
LeClerc Icing Research Laboratory wind tunnel in
June 2003. Hotwire LWC and TWC probes were
subjected to a range of icing conditions having both
liquid and ice particles. The measurements from these
instruments were then inter-compared with each other.
As with the previous mixed phase test, high speed
close-up imaging was used to study the impact of ice
particles on the hotwire sensing elements of several
probes. The test objectives were as follows:

e Determine if ice particles “bounce” off sensing
elements of hot-wire probes

e If bouncing occurs, attempt to quantify the
effect of bouncing on measured liquid water
content
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o Inter-compare the response of hot-wire probes
subjected to mixed phase icing conditions in a
controlled environment

Test Setup: Test section #1 of the Cox and Company
wind tunnel pictured in figure 7, was used for this
investigation. The smaller test section dimensions of
28 in. (0.71m) wide by 46 in. high (1.17m) afforded
closer visual access, and higher airspeed than test
section #2 (used for the previously mentioned mixed
phase investigation).

A special floor plate was fabricated for securing the
hot-wire probe mounting stands to the floor of the
tunnel. Mounting stands were fabricated for each
hotwire probe, and these stands were in turn bolted to
the special floor plate assembly. This floor plate/
mounting stand approach enabled the sensing element
of each probe to be located at the vertical and horizontal
center line of the tunnel. This was done to reduce
experimental uncertainty by locating each instrument
sensing element at the same physical location in
3-dimensional space.

Several different hotwire water content probes were
evaluated for their response to ice particles:
(1) Nevzorov TWC/LWC probe, (2) Science
Engineering Associates TWC probe, and (3) King LWC
probe.

The Nevzorov probe (fig. 14) has both a TWC sensor
and an LWC sensor integrated into one vane. This
feature enables it not only to measure the Total Water
Content (Liquid + Ice), but to provide an estimate of Ice
Water Content (IWC) in mixed phase conditions.
Though water content measurements were recorded
from both sensors, the imaging equipment was focused
only on the conical TWC sensing element.

Another TWC probe developed by Science Engineering
Associates (SEA) was evaluated, with the outside
shroud removed. Normally this probe has an annular
shroud surrounding the half-cylindrical shaped sensing
element. However, the shroud was removed to facilitate
lighting and viewing of the sense element for this test.

Figure 14. Nevzorov TWC/LWC probe.



Figure 15. Science Engineéring Assoc. TWC probe.

Figure 16. King LWC probe.

A King LWC probe was also evaluated for its response
to ice particles. The imaging equipment was focused on
the sensing wire, which extended between the two
horizontal support arms. The King probe was included
in this test because it has been used extensively over the
years, resulting in a large database to characterize its
performance. Therefore, it was thought that King probe
results from this test might be able to be compared with
this body of existing data for liquid and mixed phase
conditions.

Imaging System: The cameras used in this test were the
same as those used in the mixed-phase icing test
discussed previously. A high-definition video camera,
and a Phantom v5 high speed camera were used to
visually study the impact of ice particles on the sensing
element of the hot-wire cloud water content probes. The
high-definition video camera was intended to provide a
real-time high resolution record of each test run. The
high speed camera was intended to capture ice particle
impact at high frame rates, to facilitate later playback at
reduced speeds. Imaging and lighting of the instruments
under test were accomplished using the side windows
of test section #1. The imaging setup for this test is
shown in figure 17.

Test Process: To evaluate the effect of ice particles on
hot-wire probe measurements, the test article was
subjected to a range of conditions including
supercooled water (100% liquid), a mixture of ice
particles and liquid, and all ice particles (100% ice).
Water content measurements and close-up video of the
probe sensing elements were acquired for each of these
test conditions which are listed in table 2.

NASA/TM—2004-212925

Icing Blade

Measurement
Phantom v5
High Speed

Taken Here ‘H"‘"\.ﬁm
O
Camera

W
J
TN e
T

1 Location of
HMI Sensor Under -
Tsest[Re}f r -
ensor, . |
4 b =W

|

1
HD
Camera

125" «—15.5"—

Top View of Cox Icing Wind Tunnel
and Ice Particle Instrumentation
Test Imaging Set Up
Figure 17. Imaging setup for investigation of ice

particle impact on cloud water content instrumentation.

Table 2. Range of test conditions used to evaluate
hot-wire probe response to ice particles.
Note: Supercooled water spray had 30 pm MVD.

Nominal
Condition | LWC, IWC, Ttot, V,
type (gm)) | (g/m’ (°C) | (mps)

Spray 1 0.5 -- -12.2 67
Spray 2 0.75 -- -12.2 67
Spray 3 1.0 -- -12.2 67
Shaver 1 -- 0.2 -12.2 67
Shaver 2 -- 0.4 -12.2 67
Shaver 3 - 0.6 -12.2 67
Shaver 4 0.9 -12.2 67
Mixed 0.5 0.6 -12.2 67

The supercooled water conditions were included to
allow comparison with icing blade measurements.
This provided a “baseline” measurement of probe
performance relative to a reference measurement.
Unfortunately, no such reference was available for the
ice phase conditions.

Four “all ice” conditions were generated using the
Cox & Company’s ice shaver system. The nominal
measured ice water content associated with these
simulated glaciated conditions is shown in table 2.
Though nominal IWC values are shown, the true value
of IWC may have been higher, due to the effect of
bouncing and a phenomena observed during this test
which we labeled “pooling.” There was also one mixed
phase test condition comprised of supercooled spray,
and ice shaver particles.

Imaging Results: As in the mixed phase icing test, the
high-definition video and high speed camera yielded
valuable qualitative information about the ice particle
impact process. This imagery confirmed original
conjectures that ice might be observed to “bounce” off
the sensors, as well as revealing some unexpected results.



Ice particles were observed to impact the hot-wire
sensing element of the probes. In some cases the ice
particles shattered into multiple smaller fragments,
some of which rebounded off the sensor surface into the
air-stream and were swept away. Also, a small residual
piece of ice tended to remain on the surface of the
sensing element after impact, until it apparently
sublimated or melted. In other cases, the ice particle
impact was observed to splash liquid off the sensing
element and into the air-stream where it was swept
away. Typical high-frame rate camera imagery of ice
particle impacts are shown in figures 18 and 19 for the
SEA TWC sensor, and the King probe sense wire,
respectively.

One unexpected result, was a phenomena we called
“pooling.” It was first noticed occurring on the
Nevzorov TWC sensor, and post-test review of high
speed camera imagery suggests it may also be occurring
on the SEA TWC sensor (to some degree). This

AIRFLOW
——Fr

Figure 18. Ice particle impac on Science Engineering
Associates TWC hot-wire sensing element
(half-cylinder cross section).

AIRFLOW
#’

Figure 19. Ice particle impact on King probe hot-wire
sensing element (cylindrical cross section).
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Figure 20. Close-up of Nevzorov TWC hot-wire
sensing element showing melted ice particles.

phenomenon was manifest as a buildup of what
appeared to be a slushy “pooled” mass of partially
melted ice particles, as shown in figure 20. This mass
appeared to grow in size, and at some point was
eventually ejected from the sensing cone element,
whereupon the cycle would start again. It was not
known if this was an artifact of the test condition (i.e.,
choice of relatively high IWC levels compared to what
exists in natural conditions).

Review of high-definition video imagery suggests this
may not occur at lower levels of IWC. Future tests will
explore this in more detail, and the high frame-rate
camera and high-definition video are tools which are
expected to play an important role in future testing of
this nature.

SUMMARY AND CONCLUSIONS

The use of high speed close-up imaging has been
discussed for three distinct experimental applications.

An ultra high speed camera system was evaluated for
use in characterizing the attributes of large droplet
impact and splash in an icing tunnel spray cloud. The
results of this evaluation indicated that the ultra high
speed camera system may be better suited for use in
single droplet impact/splash experiments than in an
icing tunnel spray. The high level of background noise
induced by the scattered light from icing cloud droplets
limited the ability to resolve and quantify the droplet
impact/splash event to the degree desired.

A high speed camera system and high-definition video
were used to investigate ice particle impact on a
simulated thermal ice protection system. These cameras
revealed that bouncing of ice particles (or fragments)
was observed whenever ice particles were present
(regardless of the surface condition: unheated, running



wet, or evaporative). High speed imagery also
suggested that impinging ice particles might also be
splashing water from the surface upon impact. This
observation correlated with reduced thermal power
measurements for regions aft of the test article leading
edge. In these regions, ice particles were believed to
impact the test article surface at very shallow angles of
incidence.

The high speed camera and high-definition video
camera was also used to study ice particle impact on
hot-wire cloud water content instrumentation. Ice
particle impact/“bounce” was confirmed, but it was not
possible to quantify the effect of the reduction in
indicated IWC due to bouncing. Pooling of partially
melted ice particles was identified to occur in the
Nevzorov TWC sensor cone, and future testing at lower
IWC is planned to investigate this further.

In all three applications, the imaging equipment
provided qualitative visual information  which
facilitated a better understanding of the physical
processes being studied. The use of these imaging tools
in conjunction with quantitative measurements from
instrumentation yielded a very comprehensive dataset.
Therefore, we anticipate the continued use and
development of high speed close-up imaging methods,
as we strive to develop a better understanding of the
physical mechanisms inherent in the ice accretion
process.
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